Majorana quasiparticles (MQPs) in condensed matter play an important role in strategies for topological quantum computing [1] [2] [3] [4] [5] but still remain elusive.
The Majorana fermion is an exotic particle that is its own antiparticle. Although it is not established whether or not the Majorana fermion exists in nature as an elementary particle, it can emerge in condensed matter systems as MQPs. MQPs are potentially capable of future applications such as fault-tolerant quantum computing based on their adiabatic braiding [1] [2] [3] [4] [5] [6] [7] .
Although several ways have been proposed to achieve MQPs, their implementations in real systems are challenging. Many of the efforts rely on the boundary states of topological p-wave superconductors that could be realized in spin-polarized low-dimensional systems. These include one-dimensional Rashba semiconductor nanowires [14] and magnetic-atom chains [15, 16] in proximity to s-wave superconductors. In two-dimensional systems, the interface between the spin-polarized surface state of a topological insulator and an s-wave superconductor can exhibit topological p-wave superconductivity, and accordingly, vortex cores may accommodate MQPs, which result in the ZVBS [7] .
The above platforms all require artificial heterostructures that demand complicated sample preparation techniques.
Recently, bulk superconductors with spinpolarized topological surface states attract much attention because topological p-wave superconductivity may be naturally induced at the surfaces [17] . These materials not only simplify sample preparations but also make spectroscopic-imaging (SI) scanning tunneling microscopy (STM) experiment easier because MQPs in the vortex cores are not buried in the interface but exposed at the surface. Among various candidate materials [18, 19] , an iron-based superconductor Fe(Se,Te) is promising [8] [9] [10] [11] . While FeSe has a topologically-trivial band structure, Te substitution introduces stronger spinorbit interaction and promotes larger overlapping between the chalcogen p z orbitals, leading to the topologically non-trivial spin-polarized Dirac cone at the surface [8] [9] [10] . Recent angle-and spin-resolved photoemission spectroscopy has confirmed such a Dirac cone [11] .
Besides this topological property, Fe(Se,Te) is unique because its superconducting gap ∆ is large (∼ 1.5 meV [20] ) whereas its Fermi energy E F is very small (∼ 10 meV [21] ). This makes easier to distinguish the ZVBS from the conventional Caroli-de Gennes-Matricon (CdGM) bound states in the vortex core [22] . The energies of the CdGM states are given by ∼ µ∆ 2 /E F , where µ is a half integer. In principle, CdGM states appear only at finite energies and are thus distinguishable from the ZVBS, but the level splitting in most superconductors is much smaller than the various energy-broadening factors in actual experiments. As a result, many CdGM states overlap each other, forming a broad zero-energy peak in the quasiparticle-excitation spectrum. Thus it is generally tricky to establish the relation between the ZVBS and the MQP [23, 24] . The situation becomes simpler in Fe(Se,Te) because the lowest CdGM-state energy is expected to be high (∼ 100 µeV), being distinguishable from the ZVBS by currently available SI-STM technology.
SI-STM searches for the ZVBS in Fe(Se,Te) have been performed by two groups; one group indeed observed the ZVBS [12] , whereas the other reported its absence [13] . Besides this apparent contradiction, both experiments have been done at temperatures T ∼ 0.5 K with energy resolutions of ∼ 250 µeV, which is comparable to or larger than the expected lowest CdGM state energy. Therefore, a more comprehensive SI-STM experiment with higher energy resolution is indispensable to make clear the nature of the ZVBS in Fe(Se,Te) and its relation to MQPs. Here we have inspected a large number of vortices at different magnetic fields at an effective electron temperature T eff ∼ 85 mK using a dilution refrigerator STM system [25] with unprecedentedly high energy resolution of ∼ 20 µeV.
We first characterized the sample in zero magnetic field and found various quenched disorders. Figure 1a shows an STM topograph of the field of view (FOV) where the following SI-STM experiments have been performed. A magnified topograph (Fig. 1a inset) depicts a square lattice of the topmost chalcogen atoms with randomly distributed depressions that correspond to the Se atoms whose atomic radius is smaller than that of Te. We identified locations of all Se atoms over the FOV, enabling us to quantify the spatial variation of the local Se density as well as to determine the overall chemical composition to be FeSe 0.4 Te 0.6 . (See Supplementary Information Section I for the estimation of Se density). Figure 1b displays position r dependence of the tunneling conductance spectrum g(r, E = eV ) ≡ dI/dV , which reflects local density of states (LDOS), taken along the line shown in Fig. 1a .
Here, E is the electron energy, e is the elementary charge, I is the tunneling current and V is the sample bias voltage. The spectral weight is missing over an extended energy range |E| 1.5 meV, indicating fully-gapped superconductivity [20, 26, 27] . The spectrum near the gapedge energy consists of multiple LDOS peaks with pronounced heterogeneity. At some locations, there appear in-gap bound states that indicate defects acting as pair breakers. Figure 1c shows spatial distribution of such defects obtained by mapping I(r, E = 1 meV), which reflects integrated LDOS within the superconducting gap (Fig. 1c) . (See Supplementary Information Section II for detailed defect states.)
Next we examined spectroscopic features of vortices in such an inhomogeneous environment. Vortices are imaged as high g(r, E = 0 meV) regions as shown in Fig. 2a ,b for magnetic fields B = 1 T and 3 T, respectively. First we focused on two vortices labeled as #1 and #2 in Fig. 2a and performed detailed tunneling spectroscopies at the vortex-center locations with and without B (Fig. 2c,d ). The vortex center was defined as the position where g(r, E = 0 meV) takes its maximum in the vortex. At both locations, vortices suppress the spectral weights near the gap edges and induce multiple vortex bound states inside of the superconducting gap. We performed higher energy resolution (∼ 20 µeV) spectroscopy and fitted the obtained spectrum using multiple Lorentzian functions to determine the energies of the bound states. (See Supplementary Information Section III for the multiple-peak fitting). As shown in Fig. 2e ,f, vortex #1 possesses the ZVBS, whereas #2 does not. The finite-energy bound states are also different between #1 and #2 but share similarities in that they appear in pairs at nearly symmetric energies with large asymmetry in their intensities. These are reminiscent of the behavior of the CdGM states in the quantum-limit vortex [13] , whereas Friedel-like oscillations, which are another signature of the quantum-limit vortex [28] , are not resolved in the spatial variation of the bound states (Fig. 2g,h) .
It is important to investigate whether or not the ob- served two types of vortices, with and without the ZVBS, are related to any of the quenched disorders in this material. To this end, we measured high-resolution tunneling spectra at all of the vortex centers in Fig. 2a ,b and performed multiple Lorentzian fitting to identify vortices with the ZVBS. We found that about 80 % and 40 % of vortices host the ZVBS (peak energy |E| < 20 µeV) at B = 1 T and 3 T, respectively. In Fig. 3a -c, the locations of vortices with (red circles) and without (white diamonds) the ZVBS at B = 3 T are shown on the images of the Se-density map D Se (r), defect-location map I(r, E = 1 meV), and superconducting-gap map ∆(r), respectively. (Procedures for making these images are described in Supplementary Information Section I, II, and IV, respectively.) Apparently, neither the vortices with nor without the ZVBS correlate with any of the quenched disorders.
We carried out more quantitative analyses by calculating cross-correlation functions between the vortex images and the images of quenched disorders. For the vortex images, each vortex is represented by the 2-dimensional Gaussian function that is common to all the vortices. The resultant simplified vortex image is then separated into two images, V Z (r) and V N (r), which represent distributions of vortices with and without the ZVBS, respectively (See Supplementary Information Section V for details). Figure 3d -f depicts azimuthally-averaged crosscorrelation functions between V Z (r) or V N (r) and the images of quenched disorders. In all the cases, correlations are small ( 0.1) and do not exhibit systematic trends, indicating that the observed quenched disorders are nothing to do with the ZVBS.
These observations suggest that the ZVBS is not governed by preexisting local chemical and electronic landscapes. To confirm this conjecture, we searched for the vortices that share the same positions at B = 1 T and 3 T. We found four such vortices in our FOV (vortices labeled as #2 to #5 in Fig. 2a,b) . Figure 3g ,h shows spectra taken at one of these vortices (#3) at 1 T and 3 T, respectively. The overall spectral shapes are clearly different between 1 T and 3 T. (Spectra for other vortices are shown in Supplementary Information Section VI.) This evidently indicates that the non-local effects of surrounding vortices and/or the field strength itself play an important role.
Given the observation that the fraction of vortices with the ZVBS is smaller at B = 3 T than that at 1 T, we investigated B dependence systematically. and quenched disorders shown in a-c, respectively. Solid and dashed curves represent the correlations between the quenched disorders and the positions of vortices with and without ZVBS, respectively. Red and blue curves are for B = 1 and 3 T, respectively. g,h, Tunneling spectra taken at the centers of vortices identified as "#3" in Fig. 2a (B = 1 T) and Fig. 2b (B = 3 T), respectively. These vortices reside at the same location in both fields. Solid red circles denote the experimental data and the red curves are the fitting results obtained using multiple Lorentzian functions shown in blue. All data were taken at T eff ∼ 85 mK.
shows a series of g(r, E = 0 meV) images at different B in the same FOV. Increasing B not only generates more vortices but also enhances g(r, E = 0 meV) in between the vortices. This means that vortices are overlapping each other at higher B. Fourier-transformed images of g(r, E = 0 meV) maps (Fig. 4f -j) show ring-like features especially at higher B rather than the six-fold spots, indicating that the orientation correlation in the vortex lattice is lost whereas the distance correlation remains. We examined the B effect on the ZVBS by inspecting high resolution tunneling spectra at all vortex centers in Fig. 4a-e (222 in total) . At each B, we fitted all the spectra by multiple Lorentzian functions and made a histogram of the appearance probability of the bound-state peaks binned by the peak energy (Fig. 4k-o) . The appearance probabilities of the finite energy peaks are almost independent of B, whereas the probability of the ZVBS decreases with increasing B. It should be noted that the probability of the ZVBS is much higher than that of the finite energy peaks, indicating that the ZVBS is distinct from other bound states. The same features have been reproduced in a different FOV (See Supplementary Information Section VII).
Our experiments have revealed important aspects of the ZVBS in Fe(Se,Te). First, we note that it is unlikely that the observed ZVBS is due to the lowest CdGM state at ∼ ∆ 2 /2E F . We have observed the ZVBS within |E| ≤ 20 µeV at the location where ∆(r) ∼ 1.5 meV (Fig. 2c) . If this ZVBS could be the lowest CdGM state, E F should be larger than ∼ 50 meV, contradicting the angle-resolved photoemission spectroscopy results [11, 21] . The MQP state is the prime candidate for an explanation of the ZVBS [12] . In this scenario, the question is why the magnetic field suppresses the appearance probability of the ZVBS. It has been pointed out that MQPs in a vortex lattice form a Majorana band through the interaction between vortices [29] [30] [31] , and the ZVBS may split away from zero energy [30, 31] . Indeed, enhanced g(r, E = 0 meV) in between the vortices at higher B (Fig. 4a-e) indicate that vortices are not independent of each other. Meanwhile, if the vortex lattice is regular, all vortices must be the same. The observed pronounced variations in the vortex spectra indicate that the effect of disorders should be taken into ac- f -j, Fourier-transformed images of a-e, respectively. k-o, Histograms of the appearance probability of the peaks in the tunneling spectra at given energies. All the imaged vortices in this FOV were used for the analyses at all B. All data were taken at T eff ∼ 85 mK.
count. Since the chemical and electronic quenched disorders are not correlated with the ZVBS, it is plausible that the observed coexistence of vortices with and without the ZVBS is related to disorder in the vortex arrangements. Because the distance correlation of vortices remains, we speculate that the orientational disorder may affect the ZVBS in some form. It is an important future issue to theoretically investigate the effect of vortex disorder on MQPs. Another interesting theoretical challenge is the effect of magnetic-field strength, such as the Zeeman effect. In any case, our experimental observations provide phenomenological conditions to achieve the ZVBS in Fe(Se,Te). The apparent chemical and electronic disorders do not play a major role but it is crucial to keep the magnetic field low. This is an important clue for the control of the MQP.
Method
Single crystal growth Single crystals were grown from the melt with nominal composition of FeSe 0.4 Te 0.6 and were annealed in appropriate O 2 partial pressure at 400
• C to remove the interstitial excess iron atoms. Detailed crystal growth and annealing procedures have been described elsewhere [32, 33] . The superconducting transition temperature of the samples used in this work is determined to be 14.5 K by magnetization measurements.
SI-STM experiments We utilized a dilutionrefrigerator-based ultra-high-vacuum (UHV) ultra-lowtemperature STM [25] . Electrochemically etched tungsten wires were used for the scanning tips that were cleaned by Ar-ion sputtering and subsequent electronbeam heating in a UHV chamber. The tips were further conditioned by controlled indentation into a clean Au(100) surface before loading the Fe(Se,Te) samples. The clean surfaces needed for SI-STM were prepared by in situ cleaving in UHV at liquid-nitrogen temperature. Most of the spectroscopic measurements were done by using the standard lock-in method with a bias modulation frequency of 617.4 Hz. For high-resolution spectroscopy at each vortex, we used the numerical differentiation of I-V curves. All the data in this work were taken at the base temperature of the system where the effective electron temperature is estimated to be ∼ 85 mK [25] .
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